Formation of serum antibodies against a-toxin, teichoic acid and lipase was followed in 63 patients with Staphylococcus aureus septicaemia in 240 consecutive serum samples. Control subjects comprised 23 patients with septicaemia due to other causes and 21 febrile patients without septicaemia. An antibody response against a-toxin, measured by ELISA, was most common (40%) in the initial serum, but antibody to teichoic acid was present in the highest number of positive patients (60%) when samples were drawn between 0 and 30 days: 74% of the patients showed a positive antibody response to at least one of the three antigens. When complicated versus uncomplicated septicaemia was compared (samples taken 8-14 days), 14 (45%) of 31 patients had a positive response against a-toxin versus 12 (75%) of 16, against teichoic acid 16 (51%) of 31 versus 12 (75%) of 16 and against lipase 15 (48%) of 31 versus 8 (50%) of 16. Patients with low initial antibody levels displayed a poorer antibody response than those with higher initial antibody levels. This phenomenon was observed with all three antigens, but was most pronounced with a-toxin. The initial antibody levels may predict the antibody response during the course of the disease. ELISA titres against a-toxin correlated (r = 0.87) with biological neutralising activity of the antisera. The results may indicate a biological role of serum antibodies in staphylococcal septicaemia.
Introduction
Septicaemia due to Staphylococcus aureus remains a common and serious disease with an increasing incidence [l] and a significant morbidity and mortality
PI-
The need for improved methods to diagnose S. aureus septicaemia is evident, as the traditional blood culture methodology has some drawbacks -negative cultures may be a result of earlier antibiotic therapy or false positive cultures may be caused by contamination when blood samples are taken. Serological diagnosis provides an important complement to the diagnostic arsenal of the clinical laboratory. The use of serology to differentiate between complicated and uncomplicated S. aureus septicaemia [3] as well as to follow the effect of treatment has been suggested [4].
Various serological tests for the diagnosis of serious S.
aureus infections have used different cell components as antigens, such as cell membrane or cell-wall components, extracellular toxins or enzymes [5 -81. As most individuals have circulating antibodies against antigens from S. aureus [6, 91, serological diagnosis depends upon the detection of elevated antibody levels or of significant changes in antibody titres, i.e., 'seroconversion'. For this purpose, quantitative methods are required that display maximal reproducibility and accuracy taking into account the age-related normal values [lo] .
In Sweden, the neutralisation assay against 'staphylolysin', i.e., crude staphylococcal a-toxin, has been in routine use for 50 years [ 111. This test is now mostly replaced by an ELISA for the detection of serum antibodies against purified a-toxin. Teichoic acid is used as a complementary antigen in the routine diagnosis of deep staphylococcal infections. In fact, detection of antibodies against staphylococcal teichoic acid may be used in screening for IgG2 deficiency [12] . Lipase has also been used as an antigen in staphylococcal serology [ 131.
This prospective study followed the kinetics of antibody production during staphylococcal septicaemia and compared individual responses to three different antigens, a-toxin, teichoic acid and lipase. The aim was to follow the relationship between the clinical course and the antibody response, as well as the significance of the patient's initial antibody titres. The sensitivity and specificity of the three antigen tests, alone or in combination, were compared for their value in serological diagnosis.
Materials and methods

Serum samples
All serum samples were collected at the Department of Infectious Diseases, Orebro Medical Center Hospital as described previously [ 141. Consecutive patients with verified S. aureus septicaemia were included without any selection. In total, 63 patients with septicaemia were followed with 240 consecutive serum samples. The mean age of the patients was 65 years ( Fig. 1 ) and 59% were male. The septicaemia was community acquired in 49 patients and in 14 cases septicaemia occurred during hospitalisation. Two patients were known drug addicts, none was HIVpositive.
The diagnosis of S. aureus septicaemia was verified by at least two positive blood cultures performed with the Bactec 660 HP system (Becton Dickinson, USA). Complicated septicaemia was defined as a complicated clinical course with a septic metastasis, e.g., acute osteomyelitis, septic arthritis or extensive abscesses. Uncomplicated septicaemia was defined as septicaemia without a detectable infectious focus. Endocarditis was defined according to the strict case definition given by von Reyn [15] . Among the 63 patients, 43 were classified as complicated and 20 as uncomplicated cases of septicaemia. Fifteen patients hlfilled the criteria for endocarditis; one was definite, six were probable and eight were possible. The age distribution was similar ( Fig. 1 ) with a slightly higher mean age among the patients with uncomplicated septicaemia.
Serum samples were taken on the day of admission, 3 days later and once a week thereafter as long as the patients were being monitored. Serum samples and S. aureus isolates from the blood cultures were stored at -70°C until assayed. To simplify the analysis of the antibody response with respect to duration of illness, the time of serum sampling was categorised into four intervals: 0-7 days (n = 50), 8-14 days (n = 47), 15-30 days (n = 37) and >30 days (n = 18) after onset of disease. 
ELISA
The ELISA procedure has been detailed previously [17] . Briefly, coating doses for the 96-well microtitration plates (Dynatech M-129B, Plochingen, Germany) with a-toxin, teichoic acid and lipase were established at 2.5 pglml, 1 pg/ml and 2 pglml, respectively. The working volume throughout the tests was 100 pl/well. The microtitration plates were coated with antigens diluted in phosphate-buffered saline (PBS), pH 7.4, and incubated overnight at 22°C. The plates were washed and a serum dilution in PBS with Tween-20 0.05% v/v (PBS-T) of 1 in 1000 for a-toxin and a 1 in 10000 for teichoic acid and lipase was added to two coated wells. Positive and negative controls were included in each plate. The plates were incubated for 1 h at room temperature (20°C). After washing the plates, alkaline phosphatase-conjugated goat antihuman antibodies (Sigma) diluted in PBS-T was added to each well, and the plates were incubated for 2 h at room temperature. After the final wash p-nitrophenylphosphate substrate (Sigma) was added. Titres were read when the positive controls reached previously established values at 405 nm on a Titertek Multiskan (Flow Laboratories, Irvine) instrument.
All tests were performed in duplicate and mean values were calculated after deduction of the blank. All sera were tested at least twice.
Interpretation of results
The relative ELISA titre was defined as the value multiplied by the serum dilution factor. Normal antibody titres were established previously in healthy controls. Age-related upper cut-off levels were set at the upper 95th percentile. Titre values above this cutoff level were considered as high. A significant rise in titre was defined as a two-fold increase compared to a previous sample. Positive serology was defined as a high titre in at least one serum sample or a significant rise in titre between two samples.
Statistical methods
Fisher's exact test and Student's t test were performed with the computer program Statgraphics, version 2.6 (STSC, Street Rockville, USA).
Neutralisation test
A microscale neutralisation test based on the traditional anti-staphylolysin (ASTA) method [ 1 11 was developed and performed in polystyrene microtitration plates with purified a-toxin according to Kanclerski and Mollby [18] . Briefly, 50 pl of buffer (PBS-T) were added to all the wells of the microtitration plates; 50 pl of patient serum samples diluted 1 in 6 in PBS-T were added to the first well of each row and two-fold dilutions were performed along the row with a volume of 50 pl. Next, 50 pl of a-toxin containing 5 HU/ml were added to each well. After incubation for 30min at 37"C, 100 pl of rabbit erythrocyte suspension (1%) were added to each well and incubated for 75 min at 37°C. In each run a control for the haemolytic activity of a-toxin and a control for the rabbit erythrocyte suspension was performed, a known positive and negative patient serum control were included. After resuspension of erythrocytes and carefir1 removal of surface air bubbles, the reaction was read spectrophotometrically at 620 nm and quantitative interpretation of the results was done by interpolation. One haemolytic unit (HU) was defined as the amount of a-toxin present in the dilution that resulted in lysis of 50% of the erythrocytes in the well [181.
Results
Kinetics of the antibody response
The kinetics of the antibody response to the three different antigens varied greatly between different patients (Fig. 2) . Patient A was of special interest because he had recurrent infections, which are reflected in the appearance of secondary peaks at days 29 and 85. Patient F represents the extreme case in which no antibody response at all was detected, while the other patients showed common patterns of response.
Antibody response to each of the three antigens
The percentage of patients showing a positive antibody response to a-toxin, teichoic acid and lipase from S. aureus used as single antigens is shown in Table 1 . In the early stage of illness, positive titres against a-toxin were most common (40%), but antibody response to teichoic acid was found in the highest number of patients (60%) when serum samples were taken between 8 and 14 (and up to 30) days.
In the control group of patients with septicaemia caused by agents other than S. aureus, the antibody levels were found to be above the upper limits set for healthy controls against a-toxin (four patients), teichoic acid (five) and lipase (five). The corresponding figures for the control group with fever caused by agents other than S. aureus were two patients with raised antibody levels against a-toxin, three against teichoic acid and three against lipase. Taking both control groups together, high levels of antibodies against a-toxin or teichoic acid, or both, were found in 10 of 44 patients, but in no case there was a rise in titre during the disease.
Combinations of antigens
Combination of the ELISA results obtained with the three antigens in parallel showed that 74% of all S. aureus septicaemia patients gave positive serological results against at least one antigen (8-30 days) ( Table  2 ). The use of a-toxin and teichoic acid appeared to be sufficient for diagnostic purposes, as the addition of lipase as a third antigen did not increase the number of positive patients. However, it should be noted that 25% of the patients did not respond to any of the antigens during up to 30 days of disease. Patients b-e responded fairly well but at different times and to different antigens; patient a responded mainly to teichoic acid, also in the two relapses (arrows); patient f did not respond at all to the three antigens investigated.
Neutralising antibodies against a-toxin
antigens, but was most pronounced with a-toxin (Fig.  4) . Here only two of 13 patients with initially low titres There was a close correlation between ELISA titres and neutralisation titres against a-toxin (r = 0.87) (Fig. 3) . This finding indicates a biological role of the antibody levels measured in the ELISA.
Initial antibody status
(<200) showed a positive antibody response, while 14 of 18 patients with initial titres >400 showed a positive response (p = 0.0009). It should be noted that 11 of the 13 patients with low initial antibody levels developed complicated septicaemia.
Antibody response in patients with complicated versus uncomplicated septicaemia
Patients with low initial antibody levels showed a weaker antibody response than those with higher initial levels. This phenomenon was observed with all three
The antibody response was weaker in patients with complicated than in those with uncomplicated septicaemia. In patients with uncomplicated septicaemia, the percentage with a positive antibody response increased from 38% to 75% with a-toxin, from 25% to 75% with teichoic acid and with lipase from 13% to 50% (Table 3 ) from the first time interval (0-7 days) to the second (8-14 days). In patients with complicated septicaemia these increases were smaller, especially for a-toxin, where the increase was only from 41% to 45%.
Thus, the antibody response against a-toxin during the first days of illness differed between complicated and uncomplicated septicaemia. There was a marked difference in the mean rise in titre (200 versus 500, p = 0.06) and the number of positive patients differed significantly (16 of 32 versus 14 of 16, p = 0.025) ( Table 4) .
Patients with complicated and uncomplicated septicaemia also differed in the type of antibody response; complicated septicaemia patients more often had a relatively constant high titre than an increasing response during the disease, when compared to patients with uncomplicated septicaemia (Table 4) . significant (p = 0.018). There was a similar but not significant response to teichoic acid. Patients with endocarditis showed an antibody response of the same magnitude as the patients with complicated septicaemia.
Combined analysis of the response to all three antigens showed that 88% of the patients with uncomplicated septicaemia gave positive results whereas in those with complicated septicaemia, only 68% responded (Table 5 ). a-Toxin alone was found to contribute to the positive response in 44% of the early samples, i.e., antibodies were produced against only atoxin and not against the other two antigens in 7 of 16 patients with uncomplicated septicaemia sampled within 8 days of the onset of disease.
Antibody titres
Convalescent (8-30 days) sera from patients with complicated septicaemia showed lower titres against a-toxin than samples from patients with uncomplicated septicaemia (789 versus 1208, p = 0.06), although the mean titres were the same in the acute phase (0-7 days) ( Table 6 ). It is evident that the increases in mean titre against a-toxin and against lipase were lower in patients with complicated septicaemia than in patients with uncomplicated septicaemia. However, antibodies against teichoic acid increased similarly in both groups. The sera collected in this study allowed the study of the kinetics of the antibody response in patients suffering from S. aureus septicaemia. It was obvious that patients showed individual variation in their response to different antigens. Similar observations have been made by others [19-211. Thus, in order to obtain an optimal diagnostic test with maximal sensitivity, it is preferable to use two or more antigens in parallel, when an antibody rise (or high titre) to either one of the antigens is enough to be considered as a positive response. To further optimise the diagnostic assay, it is important to standardise the assay carehlly by including highly purified antigens and well characterised reference sera.
In the present study, the optimal antigen combination for diagnostic purposes was found to be a-toxin and teichoic acid (Table 2) . However, lipase has been suggested for use as a single protein antigen for diagnostic purposes in S. aureus septicaemia [ 131. In the present study, antibody to lipase was found in fewer patients that to the other antigens (Table l) , and in only one serum was anti-lipase the only antibody found (Table 2) .
Anti-lipase antibody was most commonly found in the 19 (59) 12 (38) 2 (6) 3 (9) 17 (53) two control groups, thus suggesting low specificity. Therefore, we conclude that under these conditions, the use of lipase in addition to a-toxin and teichoic acid antigens would not increase the diagnostic value of the test.
Approximately 25% of the septicaemic patients did not react to any of the antigens (Table 3 ) during 30 days from onset of disease. To explain the absence of any antibody response, the isolated strains were examined for a-toxin production in a haemolytic assay and in an antigen-ELISA. All strains produced a-toxin in vitro, although to a varying extent [17] . This finding is in contrast to several earlier studies in which different strain collections of various origins have been reported to produce a-toxin in vitro at highly varying frequencies [22] . Furthermore, the production of other toxins such as enterotoxins A-D and toxic shock syndrome toxin 1 (TSST-I), that could have exhibited superantigenic immunomodulat- It has been suggested that the antibody levels could be used to follow the clinical course of deep S. aureus infections [24-271, but this clinical use of staphylococcal serology has not as yet been properly evaluated [28] . However, in the present study two patients were followed after their initial disease, and it was clearly seen that the antibody levels fell slowly upon recovery ( Fig. 2A) . When the patients relapsed with staphylococcal infections, this was clearly seen as minor secondary peaks. Thus, for patients with a positive response, serology might be used for monitoring the course of recovery.
It was found that patients who developed complicated septicaemia had a lower antibody response, especially against a-toxin, than patients with uncomplicated septicaemia (Table 3) . This difference was evident both when calculated as mean antibody levels on days 8-14 and as number of patients with positive serology. This finding is in direct contrast to those of many other studies, in which complicated septicaemias were reported to result in higher antibody responses [3, 251. In fact, the use of teichoic acid as antigen in serological diagnosis has been suggested for the discrimination of uncomplicated from complicated septicaemia [4, 291.
An explanation for this contradiction may be the fact that earlier studies were performed in 1970-1980 and most of the patients selected were young drug abusers, who may have had a special inmunological status because of their repeated exposure to S. aureus and other foreign antigens. The present investigation is based upon a truly consecutive series of patients, whereas many other studies may have been based upon selected patient populations.
Furthermore, if the protective effects of the immune system are to be considered for deep staphylococcal infections, it is reasonable to envisage that patients with a more active immune response get fewer complications. It is also accepted that S. aureus is readily phagocytosed in the presence of adequate amounts of appropriate antibodies [30] .
Of special interest was the relationship between low initial antibody levels against a-toxin and the weak or absent antibody response to both protein antigens during disease, as is shown for a-toxin in Fig. 4 . These findings indicate that certain patients have a weaker antibody response than others, and that this may be suspected from their acute phase antibody levels.
The initial antibody levels seemed to influence the course of the disease, as 11 of 13 patients with low initial antibody titres against a-toxin developed a complicated septicaemia. It could be argued that the average age of the patients studied was high and that elderly patients would show a weaker immune response, but actually the younger patients developed complicated septicaemia at the same or at a higher frequency than the elderly (Fig. 1) .
The antibody response and its relation to the course of the disease has been described before. Christensson and co-workers [3 11 reported that patients suffering from TSS had no antibody against the TSS-toxin. Patients suffering chronic mandibulitis had lower IgG2 levels than the normal population [32] . Furthermore, a correlation between serum antibody titres and the course of the disease has been demonstrated for other bacteria colonising healthy individuals, e.g., between antibodies to Clostridium dzficile cytotoxin and the patient's capacity to recover from relapsing diarrhoea1 episodes [33] and between serum antibodies to streptococcal toxins and fatal outcome in streptococcal septicaemia [ 341.
The antibody response in the septicaemia patients negative for S. aureus was unexpectedly high for all three antigens. This finding might be explained by possible polyclonal activation or remaining titres from previous S. aureus infections, as none of these patients showed a rise in titre, but a constant high antibody level. The possibility of mixed infections, where the S. aureus was not detected, cannot be excluded.
In summary, the antibody response varied considerably between individuals. There appears to be a correlation between a weak antibody response in the acute phase and the further development of antibodies during the disease, as well as with the course of the disease. Thus, these findings indicate a protective role for the immune response and the possible use of future immunoprophylaxis and therapy of serious staphylococcal infections.
Today, staphylococcal serology is used by clinicians mainly for confirmation, but in future it may also be used to monitor treatment, detect relapse or re-infection and to make an early identification of patients at high risk.
